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Manganese (Mn) is considered an essential metal; nevertheless, excessive Mn exposure in humans is known to affect central nervous
system. Mn access to its toxic target, the brain, is a complex phenomenon subject to physiological and physiopathological processes; in
which, among others, the route of exposure plays an important role. Mn airborne exposure has gained interest both in occupational and
environmental studies in order to understand the effects of low-level, long-term exposure. The objective of the present study was to
describe the relationship between blood Mn and prolactin as marker of effect exposure, as well as other variables from subjects dwelling
in a mining district in central Mexico environmentally exposed to the metal. This study was conducted on 230 volunteers; blood samples
were obtained from cubital vein and hemoglobin, prolactin, lead (Pb), and Mn levels were measured. Non-parametrical Spearman’s
correlation showed statistical associations between blood and Mn levels and prolactin (r ¼ 0.197), hemoglobin (r ¼ 0.213), age
(r ¼ 0.186), and blood lead (r ¼ 0.167). Multiple regression analysis showed that blood Mn levels as an important factor to
determine serum prolactin levels (b ¼ 0.111, p ¼ 0.029) in a model corrected by gender and age. Results suggest that assessment of Mn
exposure by biomarkers on general population is complex due to the variability and characteristics of the metal; however, specific
subpopulations such as iron-deficient individuals are suspected to accumulate Mn in blood and thus they may be susceptible to the
neurotoxic effects of Mn.
r 2007 Elsevier Inc. All rights reserved.
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Manganese (Mn) is an abundant metal. It is essential for
living organisms because it serves as an active constituent
for several enzymes: mitochondrial superoxide dismutase,
glutamine synthetase and pyruvate carboxylase, among
others (Prohaska, 1987). However, excessive Mn exposure
is known to affect central nervous system by causing
psychiatric and neurologic symptoms. Prolonged Mn
exposure has been associated to a motor extrapyramidal
dysfunction which consists of bradykinesia and dystonia,
resembling Parkinson’s disease (Mena, 1979; Calne et al.,
1994).e front matter r 2007 Elsevier Inc. All rights reserved.
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ess: crios@correo.xoc.uam.mx (C. Rı́os).As an essential metal Mn is subject to physiologic control
systems influencing absorption, distribution, and elimina-
tion. In fact, liver plays a role as homeostatic regulator of
Mn burden in the body. Excess Mn ingested with food is
combined with bile and excreted with the feces (Andersen
et al., 1999). Mn exposure by pathways different from oral,
such as inhalation, avoids first-pass effect and thus it is
expected that this has profound effects on the access of this
metal to the central nervous system, as shown in experi-
mental studies (Dorman et al., 2006). Recent interest has
been put forward to study long-term, low-level inhalation
exposure to Mn in the human because methylcyclopenta-
dienyl Mn tricarbonyl is being used as a gasoline octane
booster in some countries (Pfeifer et al., 2004).
The assessment of neurotoxic properties of Mn in
occupational and environmental studies faces the problem
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ment and in biological samples. Because of this, the
assessment of Mn exposure is based on blood Mn levels
altogether with other variables. These markers provide
information on specific or derived Mn actions on organ-
isms (Smargiassi and Mutti, 1999).
It is known that Mn causes an altered function in the
cerebral dopamine (Verity, 1999), a fact that is tightly
related to the psychiatric and expyramidal symptoms
during Mn intoxication. Dopamine, among other roles
in the central nervous system, regulates negatively
the secretion of the hormone prolactin in the anterior
pituitary gland. Assessment of prolactin levels in occupa-
tionally Mn exposed workers shows that circulating
levels of the hormone are high when compared to the
control group (Mutti et al., 1996). Mn, as a transition
metal, has also been implicated in oxidative stress.
Experimental work suggest that Mn increases the
production of free radicals measured as increased lipid
peroxides, reduced glutathione, metallothionein (Erikson
et al., 2004), and other specific biomarkers derived form the
actions of Mn on biogenic amines such as dopamine
(Graham, 1984; Archibald and Tyree, 1987). Other
approaches have been challenged taking into consideration
the antagonistic relationship between Mn and iron at levels
of transport, distribution, and storage (Aschner and
Aschner, 1990). For example, an environmental study
shows a negative correlation between blood Mn and total
iron in plasma from the women who took part in it
(Baldwin et al., 1999).
Mn intoxication has been recently studied using mag-
netic resonance images. The use of magnetic resonance
takes advantage of the paramagnetic properties of the
metal; Mn shortens the T1-relaxation time and increases
the signal intensity in the MRI and this effect was observed
in humans (Nelson et al., 1993) and animals (Eriksson
et al., 1992). MRI is reliable as indicator of Mn deposition
in the brain (Kim, 2004). Disadvantages for such studies
are the high cost and the fact that the subject must be
transported to the facilities where the equipment is
available.
The objective of the present study was to describe the
relationship between blood Mn and prolactin as marker of
effect exposure, as well as other variables from subjects
dwelling in a mining district in central Mexico environ-
mentally exposed to the metal. The participating people
are exposed to breathable Mn dust derived not only
from activities in surface mines but also from proce-
dures associated to refining the extracted mineral; specifi-
cally, in this particular zone, mineral undergoes a process
which consists in grinding and heating Mn material in
order to semi-purify Mn oxides. This process is suspected
to increase airborne Mn and thus the exposure to this
metal. Conclusions based on results derived from this
work are intended to evaluate the impact of air Mn on
individual’s health and living conditions in this parti-
cular area.2. Materials and methods
2.1. Participants and sampling
The present study is part of a larger project aimed to evaluate
environmental and health effects of extracting and processing Mn mining
product. Details concerning sampling design, geographical, population
and sociodemographical data, and mining activity on the zone can be
found in Rodriguez-Agudelo et al. (2006).
We selected 300 people by means of a random multi-step procedure. At
the moment of sampling, they lived in 8 different communities at different
distances, ranging between 0.5 and 7.4 km, from the mining and refining
plants on an irregular mountainous zone called ‘‘Sierra Madre Oriental’’.
All of the participants from the different communities were informed
about the objectives of this study and agreed to collaborate. Inclusion
criteria were age 20–85-year old, either men or women (selection was made
to be representative for the communities both, in age and gender); living
for at least 5 years in the community at sampling moment. Houses of
participants were selected randomly and then inhabitants were visited to
invite participants to this study. The list of participants was compared
with the local census to obtain a final list of subjects to match
sociodemographic characteristics of population. Exclusion criteria con-
sisted in miners and ex-mine workers. People suffering from diabetes,
liver-related or psychiatric diseases were also excluded. All of the
participants from the different communities were informed about the
objectives of this study and agreed to collaborate.
Blood samples were taken from cubital venous blood in metal-free
Vacutainer EDTA tubes to measure blood Mn as well as other
biomarkers: prolactin, hemoglobin and lead.
The present study was approved by the bioethics committee of our
institution.
2.2. Blood Mn
Mn content in blood was determined by electrothermal graphite
furnace atomic absorption spectrophotometry. Blood samples were
treated with a matrix modifier (1% ammonium-dihydrogenphosphate in
0.1% Triton X-100 solution). Twenty microliters of the diluted sample
were injected into a 3110 Perkin-Elmer atomic absorption spectro-
photometer equipped with a HGA-600 graphite furnace, an AS-60
autosampler and a hollow cathode Mn lamp. Calibration curves were
prepared by using a commercially available Mn standard solution
(Titrisol, Merck, Mexico) diluted into the same matrix modifier.
Quantification limit for blood Mn was 0.5mg/L. Quality control of the
analysis of blood Mn was assured by measuring a biological matrix-based
reference material (Bovine Liver from the National Institute of Standards
and Technology, 1577b, Gaithersburg, MD, USA) along with the blood
samples. A 95% confidence interval for mean Mn in the reference material
was employed to determine if blood samples were within the limits of
acceptance. Samples were measured in duplicate; every measurement
consisted of two injections into graphite furnace, in all cases standard
deviation was lower than 10%; if otherwise, sample was reanalyzed. The
same procedure was done in the case of blood lead. Results were expressed
as micograms of Mn per liter of blood (Montes et al., 2002).
2.3. Blood lead
Lead levels in blood were assessed by using the above described atomic
absorption instrument operated with a light source specific for lead. Blood
samples (200 ml) were diluted in 800ml of diluted nitric acid (Suprapur,
Merck, Mexico); the clear supernatant was assayed in the previously
calibrated instrument. Limit of quantification for lead in blood was
1mg/dL. In this case, quality control was assured by analysis of blood with
known quantities of lead from the lead Wisconsin State Laboratory of
Hygiene proficiency program. Results were expressed as micrograms of
lead per deciliter of blood.
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Serum prolactin was quantified by microparticle enzyme immunoassay
by the axsym system (Abbott Laboratories, IL, USA). The calibration,
quality control procedures and reagents were obtained from the
manufacturer. Limit of quantification for this technique was 0.6 ng/mL.
Reference values were considered 1.61–18.77 ng/mL for males and
1.39–24.2 ng/mL for females.
2.5. Hemoglobin
Blood samples were analyzed to determine hemoglobin by routine
procedure in our Institute facilities. References values considered were
14–18mg/dL for males and 12–16mg/dL for women.
2.6. Statistical analysis
Data were analyzed by using the statistical software SPSS version 12.
Exploratory analysis was applied to data in order to check for normality
distribution. When necessary, logarithmic transformations to continuous
variables were made to obtain symmetric distribution of values and also to
assure non-violation of assumptions of parametric analysis. Bivariate
analyses were then applied to select variables associations using bivariate
Spearman’s correlations. For categorical variables, group comparisons
were performed by using Mann–Whitney, po0.05 was considered as
significant.
For the construction of multivariate models, bivariate analyses in the
form of simple linear regression were first carried out to select variables.
For those analyses, variables were log transformed and selected
when po0.05, in one-tailed tests. Multivariate modeling was done
through least squared multiple regression considering log prolactin as
dependent variable as this particular variable was interesting for the
present study. We also performed multivariate analysis as canonical
correlations.
3. Results
From the sample (n ¼ 230) of people who agreed to
participate in the present study, 146 were women (63.5%)
and 84 were men (36.5%). Their mean age was 45.13
(715.83) and ranged from 20 to 85 years. Their socio-Table 1





Blood manganese (mg/L) 9.68 4.13 8.85 5 26.5
Blood lead (mg/dL) 10.46 4.77 9.50 2.0 36.5
Hemoglobin (g/dL) 14.30 1.40 14.20 9.8 18.4
Prolactin (ng/mL) 17.39 6.51 16.80 5.8 45.3
Table 2
Results from Spearman’s non-parametric correlations between markers of ma
Prolactin
Blood Mn Correlation coefficient (r) 0.197
P 0.003economic status corresponds to very low-income commu-
nities, less than 100 USD per month. Mean scholarship was
3.973.0 years and because of the proportion of gender,
most of them were housewives (65%), and 30% were
agricultural workers.
Table 1 shows data from the biological variables
measured: blood Mn, blood lead, serum prolactin and
hemoglobin. Blood levels of Mn, Pb and prolactin did not
show a normal symmetrical distribution, thus non-para-
metric tests were applied to analyze data. It was found that
the levels of women’s blood Mn (median 9.20 mg/L,
minimum 3.3 maximum 21.5 mg/L) significantly higher
than those from men (median 8.00 mg/L, minimum 3.6,
maximum 26.5), po0.05, Mann–Whitney U test.
Bivariate analyses showed several associations, revealed
by the Spearman correlation between Mn and the variables
measured; results are shown in Table 2. Scatter plots to
show those correlations are depicted in Fig. 1.
Multiple regression models were adjusted to data by
considering log prolactin as dependent variable; blood Mn
as independent variable and hemoglobin, age and blood
lead as covariates to produce a saturated model with 0.456
adjusted R2. After stepwise analysis, the model was reduced
to three variables explaining levels of serum prolactin;
those were gender, age and blood Mn. The final
standardized coefficient for log Mn was 0.111 (p ¼ 0.029)
determining levels of prolactin after gender and age
correction and confirming the positive association between
blood Mn and prolactin, as shown in Fig. 1A.
Results from canonical correlations between blood Mn
and the other variables were as follows: prolactin (partial
correlation ¼ 0.188, P ¼ 0.002); Hemoglobin (partial
correlation ¼ 0.159, P ¼ 0.008); Age (partial correlation
¼ 0.164, P ¼ 0.007) and blood lead (partial correlation
¼ 0.119, P ¼ 0.037).
4. Discussion
The study of Mn as an environmental pollutant has
gained importance due to the use of methylcyclopentadie-
nyl manganese tricarbonyl (MMT), an organic material, as
anti-knock additive for gasoline in countries such as
Canada, USA and Australia (Lynam et al., 1999; Gulson
et al., 2006). For this reason, some researchers have
considered it important to study the low-level exposure to
airborne Mn (Mergler et al., 1999). In this context, the
population that participated in this study showed relevant
characteristics: they are environmentally exposed tonganese exposure
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Fig. 1. Scatter plot showing main relationships found between manganese and (A) prolactin, (B) hemoglobin, (C) age and (D) lead.
S. Montes et al. / Environmental Research 106 (2008) 89–9592airborne Mn, they show a chronic exposure for at least 5
years to the metal, and finally, this study was conducted on
general population, thus men and women with a wide
range of ages and conditions were included. Results are
descriptive but with special emphasis on the relationship
between the different variables measured.
Data from the present study show that Mn blood levels
of participants were higher than those from non-exposed
subjects from other studies (from 5.7 to 7.0 mg/L) but lesser
than occupationally exposed individuals (from 10.3 to
13.6 mg/L) (Roels et al., 1987; Apostoli et al., 2000).
However, blood Mn levels should be taken carefully, due
to the fact that circulating blood Mn reflects both,
historical Mn exposure and exposure at the moment of
sampling whatever the source; that is, breathable airborne
or orally ingested (metal present in food). In fact, some
authors consider that levels of Mn in blood poorly reflects
the body burden of the metal in chronic exposure (Lu et al.,
2005; Apostoli et al., 2000). This assumption is based on
experimental studies showing that t1/2 of Mn in blood is
about 2 h (Zheng et al., 2000). Thus, blood Mn provides
little information regarding target organs for Mn toxicity,
for example the brain, where t1/2 is about 50 days (Newland
et al., 1987). The differences in these velocities suggest alack of concordance between blood Mn and actual levels in
tissues, especially in brain. However, in the present study,
blood Mn is taken as an indirect reference to be associated
to some other variables that could be affected by Mn
exposure, the markers of effects.
The rationale to include serum prolactin assessment was
based on the fact that Mn exposure causes dopamine
disturbances in brain (Bird et al., 1984), and dopamine
serves as an inhibitor to the release of prolactin from the
endocrine portion of pituitary gland. In fact, serum
prolactin has been found increased in workers exposed to
Mn (Mutti et al., 1996) and it has been used as a biomarker
in non-occupational studies in which its serum levels
correlate positively to blood Mn (Takser et al., 2004).
Here, it was found that blood Mn positively correlated to
serum prolactin as shown in Table 2. Although this
relationship showed a low Spearman’s correlation coeffi-
cient (r ¼ 0.197), it reached statistical significance. It was
further confirmed by the results of multiple regression
analysis, in which it was observed that the main predictors
of serum prolactin were gender, age and blood Mn levels.
Such a finding suggests some central nervous system
influence of Mn, though actual Mn actions on physio-
pathological consequences were not assessed.
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confirms similar results from other studies (Baldwin et al.,
1999) that have shown tendencies for blood Mn to
decrease with age. The meaning of such a relationship
remains an interesting matter for future studies because
we cannot exclude the possibility of physiologic compen-
satory mechanisms for the absorption or elimination
of Mn.
Experiments carried out in rodents have shown that
iron-deficiency is a risk factor to accumulate Mn in brain.
In other words, animals with iron-deficient anemia
accumulate more Mn in brain and thus they were more
susceptible to Mn exposure (Erikson et al., 2002). Results
derived from the present environmental work revealed that
the relationship between Mn and iron may be also present
in exposed humans because a statistical significant negative
correlation between blood Mn and hemoglobin was
observed (Table 2). This particular finding is in agreement
with a recent report in which levels of Mn in blood were
higher in patients with iron deficient anemia in comparison
to controls. Furthermore, iron therapy increased hemoglo-
bin levels and diminished blood Mn in the same patients
(Kim et al., 2005), which suggests an inverse relationship
between both metals. Such a relationship has been
explained from the fact that both metals share similar
systemic absorption and blood transport and even more,
similar brain transport mechanisms (Finley, 1999; Aschner
et al., 1999). Studies with human subjects have shown that
Mn toxicokinetics are different in men in comparison to
women, specifically it has been observed that women
absorb more Mn than men. This phenomenon, in turn, has
been related to iron status and to other iron related
proteins such as ferritin, which is found higher in men than
in women (Finley et al., 1994; Finley, 1999). Thus, the
differences in Mn blood levels observed herein in men in
comparison with women could be related not only to
hemoglobin, but also to other iron-related proteins such as
ferritin, a fact that reinforces the global idea of iron–Mn
antagonism. Mn–Hemoglobin correlation may have other
implications: the communities studied here show important
social margination, thus malnutrition is a common
problem, and it could be a factor to be considered
regarding Mn exposure.
Our group had previously demonstrated that the use of
handcraft lead-glaze ceramics in cooking activities and also
used for food storage release important quantities of Pb to
food, that eventually are consumed and absorbed by oral
route in rural communities in central Mexico (Rojas-Lopez
et al., 1994). The inhabitants of the area studied are also
exposed to Pb through the same mechanism; thus it is a
concern of the present work to asses the participation of Pb
as a possible confounder for the final outcomes of Mn
exposure, for this reason we planned to measure prospec-
tively Pb along with Mn. In the present study, both metals
were determined in whole blood, showing a negative
correlation. In this regard, it has been observed that Pb
in whole blood resides predominantly erythrocytes (Leg-gett, 1993); in the case of Mn approximately 66% is also
present in these cells (Alarcon et al., 1996). The negative
relationship for both metals observed here may be the
result from a long-term competition for residence in the red
blood cells. A second possibility involves the calcium
homeostasis, because it has been observed that Mn is able
to inhibit the Ca2+Mg2+ ATPase, a pump located in the
membrane of erythrocytes (Yazbeck et al., 2006), in
addition to its capacity to alter calcium in the mitochondria
(Gavin et al., 1999). Calcium ingestion is also known to
affect lead negatively (Mahaffey, 1990), thus we may find
calcium homeostasis as a common target for both metals.
However, this relationship could be much more complex
and deserves specific studies.
With regard to the associations found between variables,
it is interesting that multiple correlation analysis, in the
form of canonical correlations, applied to data produced
similar significant associations in the bivariate analysis,
suggesting that biomarkers are all independently correlated
to blood Mn.
Results from this population based study are important
because they could be taken as a reference to further
investigate biomarkers related to the final outcomes
of Mn action on brain functions, specially studies dealing
with a broad spectrum of conditions of participants
(age for example) in which one may find specific groups
of susceptibility, for example the elderly and children in
which we may not expect the same effects. In the
former, we may explore postural and/or motor distur-
bances as has been done in occupationally exposed
subjects (Mergler et al., 1994). On the later, it would be
interesting to explore not only motor, but also
cognitive tests (Bouchard et al., 2007). In fact, we have
started as part of a larger project, to explore final
outcomes of environmental Mn exposure in this
area by looking for motor disturbances in the people
living there (Rodriguez-Agudelo et al., 2006), in whom
alterations in the ability to perform tasks that evaluate
coordination was observed. Our final consideration
is that Mn environmental exposure is a challenging
problem, and a single biomarker is not enough to draw
conclusions about it, especially in community-based studies
in which a great range of variability and conditions of
individuals can be found. However, more studies are
needed to explore easy to access and reliable biological
variables that may help to better characterize and under-
stand the influence of Mn to health in environmentally
exposed communities.Information on funding and ethics
This work was financially founded by the International
Development and Research Center, Canada. Project
number 100662 with further contributions of the Health
Services of Hidalgo and the State Council of Ecology,
Hidalgo and CONACyT Grant no. 51541.
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All of the participants received written information
concerning the type of the study and signed an agreement.
At the end of the analyses, subjects received their
personal results and an explanatory talk about environ-
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